INTRODUCTION
Short-term synaptic plasticity modulates how presynaptic patterns of action potentials control the firing of postsynaptic targets (Abbott and Regehr, 2004; Destexhe and Marder, 2004; Markram et al., 1998a) . Synapses exhibit diverse forms of short-term plasticity that reflect the interplay of numerous mechanisms (Magleby, 1979; Zucker, 1996; Zucker and Regehr, 2002) . Consequently, synapses can perform computations by filtering spike trains in distinctive ways (Silberberg et al., 2005; von Gersdorff and Borst, 2002) . As a given neuron usually synapses onto numerous types of neurons, a particularly interesting issue is the extent to which synaptic properties are specifically tailored to allow the same presynaptic pattern of activity to influence the firing of different types of targets in distinctive ways.
Previous studies have established that both short-and long-term forms of synaptic plasticity can be controlled by the postsynaptic target (Markram et al., 1998b; Pelkey et al., 2005; Pouille and Scanziani, 2004; Reyes et al., 1998; Rozov et al., 2001 ; Thomson, 1997; Toth et al., 2000) . For example, the properties of long-term plasticity at hippocampal mossy fiber synapses made by granule cells differ on CA3 pyramidal cells and on interneurons (Pelkey et al., 2005) . In the hippocampus and neocortex, the initial probability of release (p) of individual inputs is often target-specific (Losonczy et al., 2002; Markram et al., 1998b; Reyes et al., 1998; Scanziani et al., 1998; Thomson, 1997) . This can lead to differences in shortterm plasticity because synapses with high p and low p are associated, respectively, with short-term depression and facilitation (Thomson, 2000) . Moreover, the differential presynaptic activation of ionotropic or metabotropic receptors (Delaney and Jahr, 2002; Gao and GoldmanRakic, 2003; Khakh et al., 2003; Scanziani et al., 1998; Shigemoto et al., 1997) can allow for the dynamic regulation of synaptic strength. However, the extent to which specific mechanisms of short-term plasticity can be regulated directly and independently of initial p in a targetdependent manner is unclear.
Distinct mechanisms can govern target-specific shortterm synaptic plasticity (Magleby, 1979; Zucker and Regehr, 2002) . Activation of synapses with pairs of stimuli leads to depression or facilitation of neurotransmitter release that lasts for hundreds of milliseconds. Bursts of presynaptic activity trigger a build-up of calcium in presynaptic boutons (Delaney and Tank, 1994; Delaney et al., 1989; Zucker, 1996) resulting in longer-lasting forms of plasticity, such as augmentation and posttetanic potentiation (PTP). Moreover, brief bursts can promote the release of endocannabinoids (eCBs) from postsynaptic cells, activating presynaptic CB1 receptors to suppress neurotransmitter release (Brown et al., 2003; Chevaleyre et al., 2006) .
Here we tested whether any of these mechanisms of short-term plasticity are regulated by the postsynaptic target. We compared synapses made by the parallel fibers of cerebellar granule cells onto Purkinje cells (PF/PC synapse) and Golgi cells (PF/GC synapse). We found that both synapses exhibit similar facilitation, which suggests that the initial p at these synapses is similar. Previous studies have demonstrated that at PF/PC synapses, stimulus bursts can lead to either potentiation of transmitter release or they can cause PCs to release eCBs, which leads to retrograde suppression (Brenowitz and Regehr, 2005; Brown et al., 2003; Marcaggi and Attwell, 2005) . Here we show that stimulus bursts have remarkably little effect on synaptic strength at PF/GC synapses. In part, this is because GCs are unable to regulate synaptic strength by releasing endocannabinoids. Moreover, the magnitude of PTP is much smaller at the PF/GC synapse than at the PF/PC synapse. Therefore, targetdependent differences of granule cell PF synapses arise from a combination of presynaptic and postsynaptic specializations that regulate specific mechanisms of short-term plasticity.
RESULTS

Target-Dependent Changes in Synaptic Strength
We examined changes in synaptic strength following brief stimulus bursts at parallel fiber (PF) synapses formed onto two postsynaptic targets ( Figure 1A ), Purkinje cells (PCs; Figure 1B ) and Golgi cells (GCs, Figure 1H ). Previous in vivo studies have shown that granule cells can fire in high-frequency bursts (Chadderton et al., 2004; Jorntell and Ekerot, 2006) . In turn, brief PF bursts can activate postsynaptic type 1 metabotropic glutamate receptors (mGluR1s) in PCs (Batchelor and Garthwaite, 1997; Tempia et al., 1996) , due to glutamate pooling and spill-out from the synaptic cleft. Activation of mGluR1 triggers the release of eCBs (Brown et al., 2003; Maejima et al., 2001) , ultimately resulting in synaptically-evoked suppression of excitation (SSE). SSE is shown in a representative experiment in Figures 1C-1E . A stimulus electrode was placed in the molecular layer (ML) and PF EPSCs were evoked at low frequencies in voltage clamp ( Figure 1D , left). PFs were then stimulated with a brief train (10 stimuli, 50 Hz), and the PC response was measured in current clamp ( Figure 1C ) to allow the cell to depolarize and generate action potentials. The recording was then returned to voltage clamp and low frequency PF activation resumed. PF bursts evoked by ML stimulation led to a strong and transient suppression of EPSCs ( Figures 1D and 1E , black traces). We then placed the stimulus electrode in the granular layer (GrL) to activate PF inputs that are more spatially dispersed, thereby minimizing glutamate pooling and spill-out from the synaptic cleft, which for similar EPSC amplitudes should result in a smaller degree of mGluR1 activation as shown previously (Marcaggi and Attwell, 2005) . Under these conditions, PF bursts led to a strong and transient synaptic enhancement (Figures 1E and 1G, red traces) , while the response evoked by the PF bursts remained similar ( Figure 1F ). Thus, for PCs, synaptic strength following PF bursts shows pronounced suppression or enhancement, depending on the degree of postsynaptic mGluR activation (Marcaggi and Attwell, 2005) . Similar properties have been observed for PF synapses onto molecular layer interneurons (Beierlein and Regehr, 2006) .
We then investigated burst-evoked changes in synaptic strength at the PF to GC synapse ( Figures 1I-1M ). When PFs were activated in the ML, bursts of PF inputs did not lead to suppression of excitation ( Figures 1J and 1K , black traces), contrary to what we observed for PCs. Moreover, when spatially dispersed PF inputs were activated with GrL stimulation, very little change in synaptic strength was observed ( Figures 1K and 1M, red traces) . Thus, PF inputs to GCs display a narrower dynamic range compared to inputs to PCs. In the following, we will examine in detail the mechanisms underlying this target-dependent plasticity.
PF to GC Synapses Express CB1Rs, but Do Not Display eCB-Mediated SSE or DSE The above data indicate that PF/GC synapses do not display SSE, suggesting that GCs may not release eCBs in response to synaptic activity. To test for a role of eCBs in synaptic plasticity at the PF/GC synapse, we compared changes in synaptic strength following PF bursts in the ML (cf. Figures 1K-1M ), in the absence and presence of the CB1 receptor (CB1R) antagonist AM251. Under control conditions, synaptic strength following PF bursts was slightly enhanced (Figures 2A and 2B ). The extent of enhancement was unaffected by AM251, suggesting that, under our experimental conditions, synaptic activity does not lead to eCB-mediated changes in synaptic strength. This lack of involvement of eCBs in plasticity at the PF/GC synapse contrasts with the PF/PC synapse, which is highly sensitive to eCB release ( Figure 2C ; Brown et al., 2003) .
We performed additional experiments to determine why eCB-mediated plasticity is absent at PF/GC synapses. The majority of GCs do not express postsynaptic mGluR1s (Knoflach et al., 2001; Watanabe and Nakanishi, 2003) , which play a crucial role in SSE at the PF/PC and other synapses (Chevaleyre et al., 2006) . We therefore examined depolarization-induced suppression of excitation (DSE), as DSE is driven solely by high calcium levels (Brenowitz and and does not rely on activation of metabotropic receptors (Brenowitz et al., 2006) . We tested for DSE in GCs by recording from neurons with a Cs-based internal solution and monitoring PF EPSC amplitudes prior to and following a 2 s depolarizing step to 0 mV ( Figure 2D ). In contrast to PCs ( Figure 2F ), no DSE was observed in GCs ( Figure 2E ). Furthermore, bath application of AM251 had no effect on EPSC amplitudes following voltage steps ( Figure 2E ). Depolarizing steps of longer duration also failed to evoke DSE. EPSC amplitudes following 5 s depolarizing steps to 0 mV were 0.95 ± 0.02 of control (n = 11). We also measured dendritic calcium transients in GCs and found that in all cells tested, postsynaptic depolarizations of 2 s duration led to calcium increases of $10 mM ( Figures 3A and 3B ), which are larger than the calcium concentrations of $7 mM and $4 mM required for half-maximal DSE at PF/PC synapses were examined at PF/GC synapses. Summary data of PC SSE (C) and DSE (F) are shown for comparison. Experiments were performed in control conditions (black traces and black symbols) and in the presence of the CB1R antagonist AM251 (2 mM; red traces and red symbols). Studies of SSE were performed using a K-based internal solution and PFs were stimulated in the ML. Studies examining DSE were performed with a Cs-based internal solution. (Brenowitz et al., 2006) and half-maximal DSI in hippocampal pyramidal cells (Wang and Zucker, 2001 ), respectively. Thus, the lack of DSE at the PF to GC synapse is unlikely to be caused by insufficient dendritic calcium elevations. These findings suggest that the lack of retrograde inhibition at PF/GC synapses cannot be explained solely by the lack of mGluR1s in GCs.
The absence of SSE and DSE at the PF/GC synapse could arise from either the inability of GCs to synthesize and release eCBs, or from the absence of presynaptic CB1Rs. To distinguish between these possibilities, we recorded PF-evoked EPSCs in GCs and bath-applied the CB1R agonist WIN 55,212-2 ( Figure 3C ). WIN led to a reduction in EPSC amplitude in all cells ( Figure 3D ), which was reversed by applying AM251 (n = 5). To determine whether this effect was mediated by presynaptic CB1Rs, PF synapses were stimulated with pairs of stimuli under control conditions and following application of WIN. WIN led to increased paired-pulse facilitation at PF/GC synapses ( Figures 3E and 3F ), whereas postsynaptic depolarization, which reliably increases pairedpulse facilitation at the PF/PC synapse (Kreitzer and Regehr, 2001) , remained ineffective ( Figure 3F ). These data show that PF terminals onto GCs indeed express CB1Rs.
Studies in hippocampal pyramidal cells indicate that DSI can be more prominent than DSE due to a higher expression of CB1Rs at inhibitory synapses (Ohno-Shosaku et al., 2002) . It is not known whether excitatory and inhibitory terminals in the cerebellum show differential sensitivity to eCBs. To test whether eCBs released from GCs influence inhibitory terminals selectively we attempted to evoke DSI in GCs. However, following depolarizing steps of 2 s duration, the amplitude of evoked IPSCs remained virtually unchanged when compared to control (0.97 ± 0.04, n = 5).
In summary, these data show that presynaptic CB1Rs are present at PF/GC synapses. The absence of SSE, DSE, and DSI suggests that GCs do not release sufficient eCBs to suppress transmission. Moreover, the lack of SSE indicates that eCBs released from neighboring PCs do not activate CB1Rs on PF terminals onto GCs.
Target-Dependent Differences in Synaptic Enhancement and PTP Our data above (Figures 1, 2B , and 2C) indicate that PF synapses onto GCs differ from those onto PCs not only in their lack of SSE but also in their lack of posttetanic enhancement. This suggests that, in addition to postsynaptic differences at the two PF synapses, there are target-dependent specializations in presynaptic mechanisms. Forms of posttetanic enhancement lasting 10 s to minutes have been observed at many synapses and are known as either augmentation or posttetanic potentiation (PTP; Magleby, 1979; Zucker, 1996; Zucker and Regehr, 2002) . The distinction between these different forms of plasticity is not always clear, particularly when making comparisons across different synapses. Here we refer to the posttetanic enhancement following stimulus bursts at PF synapses as PTP.
We characterized presynaptic forms of short-term plasticity by recording from cells in voltage clamp, in the presence of GABA A , GABA B , and CB1 receptor antagonists to block the effects of GABA and eCB signaling. We first measured paired-pulse plasticity at PF synapses onto PCs and GCs, to determine whether they show target-dependent differences in initial release probability (p). Both synapses displayed paired-pulse facilitation with a similar amplitude and time course (Figures 4A and 4B) suggesting that p is similar for PF synapses onto PC and GCs.
We then studied PTP evoked by stimulus trains (10 stimuli, 50 Hz). Differences in short-term plasticity were apparent during (Figures 4C and 4D) and following ( Figures 4E  and 4F ) stimulus trains. For PF/PC synapses, synaptic 
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Target-Specific Short-Term Plasticity enhancement built up over the course of the stimulus train with a maximal enhancement at the end of the train ( Figure 4C , black trace). In contrast, enhancement in PF/GC synapses peaked for the third response and had a smaller steady-state amplitude at the end of the train ( Figure 4C , red trace, EPSC 10 /EPSC 1 = 3.7 ± 0.3, n = 14 for PCs; 1.7 ± 0.2, n = 13 for GCs). Furthermore, the magnitude of PTP differed dramatically for the two synapses ( Figures 4E and 4F ). On average, EPSCs in PCs 1 s after the onset of the stimulus burst were enhanced by 92 ± 8% (n = 10) and returned to baseline with a time course that was approximated with an exponential decay with t = 11.3 s ( Figure 4E ). The enhancement of GC EPSCs was only 26 ± 4% (n = 17), and it decayed with a time constant of 11.3 s.
If PTP is mediated by an increase in release probability, paired-pulse facilitation should be reduced following a stimulus burst with a time course similar to the increase in synaptic strength (McNaughton, 1982; Zucker and Regehr, 2002) . Indeed, paired-pulse facilitation was reduced in PCs following bursts and recovered with a time course similar to the recovery in EPSC amplitude (Figures 5A and   5B ). This suggests that PTP at PF synapses reflects an increase in p. By contrast, the paired-pulse ratio at the PF/GC synapse was virtually unchanged following stimulus bursts ( Figures 5B and 5C ), indicating that the smaller magnitude of PTP at this synapse was a consequence of a smaller increase in transmitter release compared to PF/PC synapses.
Several findings suggest that differences in PTP at synapses onto GCs and PCs were neither secondary to differences in the initial p nor a consequence of postsynaptic factors. First, a plot of the magnitude of PTP versus the initial paired-pulse ratio for each experiment performed under control conditions showed clear differences in the magnitude of PTP at the two synapses regardless of the extent of paired-pulse facilitation ( Figure 6A ). Second, when p was lowered by reducing the external calcium concentration to 1 mM, facilitation was more pronounced at the PF/GC synapse, but PTP was unchanged ( Figure 6B, red squares) . At the PF/PC synapse an increase in PTP was also observed ( Figure 6B , black squares), and thus the difference in the magnitude of PTP for synapses onto GCs and PCs became more pronounced. Third, experiments in the presence of the low affinity AMPAR antagonist DGG indicated that AMPAR saturation does not account for differences in PTP at the two synapses ( Figure 6B, triangles) . Because DGG has rapid kinetics, it has been widely used to relieve AMPAR saturation (Foster et al., 2005; Wadiche and Jahr, 2001 ). We found that in the presence of DGG, paired-pulse facilitation was enhanced for both synapses, indicating the presence of AMPAR saturation. However, differences in PTP persisted even in the absence of AMPAR saturation. In summary, these data show that PTP can differ dramatically in a target-dependent manner, even when initial p is similar. 
The Mechanism of PTP at PF Synapses
Studies from a number of systems indicate that PTP is driven by elevations in presynaptic calcium in a range of hundreds of nanomolar (Delaney et al., 1989; Zucker, 1996) . This residual calcium signal is thought to interact with a high-affinity binding site that ultimately leads to increased release probability. Two candidate presynaptic mechanisms have been implicated in PTP and related forms of short-term enhancement: Munc13, a family of vesicle priming factors (Augustin et al., 1999b; Betz et al., 1998; Brose et al., 1995; Brose and Rosenmund, 2002; Rosenmund et al., 2002) , a signaling cascade involving protein kinase C (PKC; Alle et al., 2001; Brager et al., 2003) , or both pathways (Wierda et al., 2007) . We used knockout mice and pharmacology to examine a potential role of these proteins in PTP at PF synapses.
Three Munc13 isoforms are expressed in the brain (Augustin et al., 1999a), and differential expression of these isoforms is thought to regulate short-term plasticity . Both Munc13-1 and Munc13-3 are strongly expressed in cerebellar granule cells, while Munc13-2 is only weakly expressed in the cerebellum (Augustin et al., 1999a) . Although mice lacking Munc13-1 do not survive, mice lacking Munc13-3 are viable. This difference in viability likely reflects the fact that Munc13-1 is strongly expressed throughout the brain whereas Munc13-3 has a more restricted pattern of expression (Augustin et al., 2001 ). Munc13-3 knockout mice show small increases in paired-pulse plasticity at the PF to PC synapse (Augustin et al., 2001 ), but it is not known if Munc13-3 deletion affects PTP and it is unclear whether the role of Munc13-3 is limited to PF to PC synapses.
We therefore compared paired-pulse plasticity, shortterm enhancement during trains and the magnitude of PTP for PF synapses onto PCs and GCs, in Munc13-3 knockout mice and their wild-type littermates (Figure 7) . In contrast to rats, PF synapses in wild-type mice displayed target-dependent differences in paired-pulse facilitation, with initial p being higher at PF/GC synapses than at PF/PC synapses ( Figure 7B , cf. Figure 4A ). However, similar to rats, in wild-type mice PTP remained more prominent for synapses onto PCs than for synapses onto GCs ( Figures 7E and 7F , black symbols). Compared to wild-type mice, PF/PC synapses in Munc13-3 knockout animals displayed slightly enhanced paired-pulse plasticity ( Figure 7A ) but little change in short-term enhancement during stimulus trains ( Figure 7C ) in agreement with previous results (Augustin et al., 2001 ). In contrast, for PF/GC synapses Munc13-3 deletion led to a more pronounced increase in paired-pulse plasticity ( Figure 7B ) and a large enhancement during stimulus trains ( Figure 7D ). The observed increase in the extent of facilitation at both synapses is consistent with the proposed role of Munc13-3 in synaptic vesicle priming (Augustin et al., 2001) .
Although the deletion of Munc13-3 influenced pairedpulse facilitation and thus initial p, it had no effect on the properties of PTP (Figures 7E and 7F ). Compared to wild-type mice, the magnitude and time course of PTP in Munc13-3 knockout animals remained unchanged at ), 2 mM DGG (triangles, n = 6 PCs, n = 8 GCs) and 1 mM external calcium (squares, n = 6 PCs, n = 6 GCs), for PCs (black) and GCs (red). both synapses. Thus, Munc13-3 at PF synapses appears to regulate initial p but has no apparent role in determining the properties of PTP.
We then tested whether PKC is required for PTP at PF synapses in rats. Slices were incubated in the specific PKC inhibitor GF 109203X (Toullec et al., 1991) for 1 hr and responses were recorded in the continued presence of the drug. Paired-pulse facilitation ( Figures 8A and 8B ) and short-term enhancement in response to stimulus trains ( Figures 8C and 8D) were unchanged relative to control conditions for both types of PF synapses, suggesting that initial p and presynaptic calcium dynamics were not affected by the drug. However, for PF synapses onto both PCs and GCs, PTP was eliminated ( Figures 8E and  8F) . The decrease in paired-pulse facilitation that accompanied PTP in control conditions (EPSC 2 /EPSC 1 = 2.3 ± 0.1 preburst; 1.5 ± 0.1 at 1 s postburst, n = 9) was greatly attenuated when PTP was eliminated by GF 109203X (EPSC 2 /EPSC 1 = 2.3 ± 0.1 preburst; 2.0 ± 0.1 at 1 s postburst, n = 7), independently confirming the presynaptic expression of PTP as well as the presynaptic action of the drug.
In summary, we find that Munc13-3 and PKC regulate specific aspects of short-term plasticity at PF synapses. Whereas Munc13-3 regulates initial p and thus facilitation, it plays no role in influencing the magnitude or time course of PTP. In contrast, PKC activation appears to be required for PTP but plays a small role in regulating facilitation and initial p. Thus, distinct presynaptic mechanisms appear to control initial p, short-term enhancement during trains and posttetanic potentiation at PF terminals.
DISCUSSION
Our major finding is that for synapses made by cerebellar granule cells, two specific mechanisms of short-term plasticity are regulated in a target-dependent manner. PCs regulate PF synapses by releasing eCBs, whereas GCs do not. PTP, mediated by the activation of PKC, is also more prominent at PF/PC synapses than at PF/ GC synapses. As a result, PF/PC synapses can be continuously regulated from prominent enhancement to strong suppression, whereas PF/GC synapses exhibit little plasticity following stimulus trains.
Target Dependence of Endocannabinoid Signaling
The observed target dependence of eCB signaling represents a novel mechanism of attaining synapse specificity. Previous studies established that eCBs can regulate different types of neurons based on the expression pattern of presynaptic CB1Rs (Bodor et al., 2005; Martin et al., 2001; Trettel et al., 2004; Wilson et al., 2001 ). Here we describe a very different type of synapse specificity where CB1Rs are ubiquitously expressed on PF terminals, but only some types of target neurons are able to release eCBs sufficiently to regulate synaptic strength. The target dependence of SSE at PF synapses is consistent with the prominent role of mGluR1s in SSE. At all PF synapses where eCB-mediated changes in synaptic strength are observed, including PF/PC (Brown et al., 2003) and PF-to-stellate cell synapses (Beierlein and Regehr, 2006; Soler-Llavina and Sabatini, 2006) , glutamate released from PFs activates mGluR1, which, in turn, leads to the activation of PLCb and DAG lipase and the production of the endocannabinoid 2-AG (Safo et al., 2006) . 2-AG then reduces the probability of neurotransmitter release by activating presynaptic CB1Rs that, in turn, inhibit presynaptic calcium channels (Brown et al., 2004) . In contrast, most GCs do not express mGluR1s (Knoflach et al., 2001; Watanabe and Nakanishi, 2003) consistent with the lack of SSE at PF/GC synapses.
While SSE and DSE are absent at PF/GC synapses, exogenous CB1R agonists inhibit release at these synapses, pointing to the inability of GCs to release eCBs as the underlying reason for the lack of eCB signaling, rather than the lack of presynaptic CB1Rs. The absence of SSE at GC synapses during activation and eCB release at nearby neurons indicates that GC synapses are functionally isolated from eCB signaling in cerebellar circuits.
Target Dependence of PTP
The large difference in the magnitude of PTP at synapses on PCs and GCs is the first example of a target-specific regulation of PTP. Several lines of evidence suggest that following (E and F) stimulus trains (10 stimuli, 50 Hz) were examined at PF synapses onto PCs and GCs, in control conditions (black symbols) and in the presence of the protein kinase C (PKC) inhibitor GF 109203X (10 mM, red symbols, n = 7 PCs, n = 6 GCs). Data are means ± SEM.
this difference is not a consequence of differences in the initial p. First, in rats, the similarity in the magnitude of facilitation at synapses onto PCs and GCs suggests that p is similar at synapses onto these two targets. Second, differences in PTP between GCs and PCs remain prominent even when the initial p is reduced by lowering external calcium. Third, differences in PTP remain in the presence of the low affinity glutamate receptor antagonist DGG, indicating that postsynaptic factors such as AMPA receptor saturation do not contribute to differences in PTP. In wild-type mice, synapses onto GCs displayed less paired-pulse facilitation compared to synapses onto PCs. However, even though Munc13-3 deletion in mice resulted in significant changes in paired-pulse facilitation and thus initial p at both synapses, the magnitude of PTP at both synapses remained the same, suggesting that initial p and PTP are regulated independently.
Several mechanisms could explain the target-dependent differences in PTP. First, synapses onto GCs and PCs might display differences in presynaptic calcium signals. However, synapses onto GCs and PCs displayed paired-pulse facilitation with a similar magnitude and time course. As the properties of paired-pulse facilitation are controlled by presynaptic calcium (Atluri and Regehr, 1996; Kamiya and Zucker, 1994; Katz and Miledi, 1968; Zucker, 1996; Zucker and Regehr, 2002) , calcium signals evoked by single stimuli are likely to be similar for the two synapses, contrary to what was observed for cortical synapses that displayed target-dependent differences in initial p (Koester and Johnston, 2005; Rozov et al., 2001) . It remains possible that the properties of presynaptic calcium signals following bursts show targetdependent differences. Second, PKC signaling might be different at the two PF synapses, either mediated by differences in the concentration or isoforms of PKC, or in the manner in which PKC couples to the release machinery. Further experiments are required to clarify the mechanisms underlying differences in PTP.
Functional Consequences of Target-Dependent Short-Term Plasticity The ability to independently regulate synaptic strength made by the same presynaptic input enables each type of synapse to interpret the same presynaptic spike train in different ways, thus permitting multiple representations of the same activity pattern. At the PF/PC synapse, bursts of presynaptic activity always result in PTP, regardless of the number and spatial arrangement of activated synapses. Feedback regulation can also occur, but eCB-mediated retrograde signaling is context-dependent in that it relies on the activation of nearby synapses, which permits glutamate pooling and activation of mGluR1s. As a result of the similarity in the time courses of PTP and eCB signaling, retrograde signaling can cancel and eventually overcome the enhancement produced by PTP. This interplay between PTP and eCB release allows the amplitude of burst-induced short-term plasticity to be continuously regulated, with a magnitude that ranges from 20% to 200% of preburst amplitudes. Thus, the PF/PC synapse is computationally powerful in that it has a memory of prior activity with a sign that is context-dependent. PF synapses onto stellate cells share similar properties (Beierlein and Regehr, 2006) , indicating that PF-mediated excitation and stellate cell-mediated feed-forward inhibition onto PCs are tightly coordinated. In contrast, the role of the PF/GC synapse appears to be very different in that, regardless of number and spatial arrangement of activated synapses, changes in synaptic strength are more moderate.
The short-term plasticity we observed at PF/GC synapses is consistent with the proposed functional role of GCs in the cerebellar circuitry. GCs integrate a large number of small amplitude excitatory inputs formed by granule cells (Dieudonne, 1998) and in turn form inhibitory contacts with granule cells within glomeruli, a specialized synaptic structure formed by mossy fiber synapses onto granule cell dendrites (Palay and Chan-Palay, 1974) . This feedback inhibition mediated by GCs (Eccles et al., 1964 (Eccles et al., , 1966 ) is thought to be critical for setting the threshold and controlling the gain of sensory-evoked granule cell activation (Marr, 1969) . Thus, the lack of eCB-mediated retrograde signaling and PTP might enable GCs to monitor and, in turn, regulate the activity of large populations of granule cells in a manner that is insensitive to prior activity.
EXPERIMENTAL PROCEDURES
Tissue Preparation
Sprague Dawley rats (P14-P18) were anesthetized with halothane and decapitated, and transverse cerebellar slices (250 mm) were obtained. Where indicated, transverse slices (200 mm) were obtained from Munc13-3-deficient C57BL6J mice (P13-P15, kindly provided by Kerstin Reim and Nils Brose, Max-Planck-Institute of Experimental Medicine, Gö ttingen, Germany) or their wild-type littermates. All procedures involving animals were approved by the Harvard Medical Area Standing Committee on Animals. Slices were cut in a sucrosecontaining solution consisting of (in mM) 81.2 NaCl, 23.4 NaHCO 3 , 69.9 sucrose, 23.3 glucose, 2.4 KCl, 1.4 NaH 2 PO 4 , 6.7 MgCl 2 , and 0.5 CaCl 2 . Slices were incubated at 32 C for 30 min and then transferred to a saline solution for 30 min at 32 C consisting of (in mM)
125 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 25 glucose, 2 CaCl 2 , and 1 MgCl 2 . Experiments were performed at 33 to 34 C using an in-line heater (Warner, Hamden, CT) while perfusing the bath with saline solution at 3 to 4 ml/min using a Minipulse 3 pump (Gilson, Middleton, WI).
Electrophysiology
Whole cell recordings of PCs and GCs were obtained using pipettes of 1.2 to 2 MU resistance. Cells were visualized using differential interference contrast optics and a 603 water immersion lens. GCs were identified using previously established criteria (Dieudonne, 1995 (Dieudonne, , 1998 and distinguished from other types of neurons in the granular layer by the presence of monosynaptic EPSCs evoked by molecular layer stimulation (Bureau et al., 2000) . Some cells were filled with an internal solution containing Alexa 594, and their morphology was reconstructed using a 2-Photon microscope ( Figure 1H ). All cells had an apical dendritic tree that reached into the molecular layer, as well as several basal dendrites that remained in the granular layer (Palay and Chan-Palay, 1974) . For voltage-clamp experiments the internal solution contained (in mM) 127 CsMeSO 3 , 10 CsCl, 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 0.16 CaCl 2 , 2 Mg-ATP, 0.4 NaGTP, and 14 Tris-Creatine phosphate, adjusted to 310 mOsm. For experiments in which cells were held in current clamp the internal solution contained (in mM) 130 KMeSO 3 , 10 NaCl, 2 MgCl 2 , 0.16 CaCl 2 , 0.5 EGTA, 10 HEPES, 4 Na 2 ATP, 0.4 NaGTP, and 14 Tris-Creatine phosphate, adjusted to 310 mOsm. Recordings were obtained using a Multiclamp 700A (Molecular Devices, Union City, CA). To stimulate PF inputs, glass electrodes (2 to 3 MU) filled with saline were placed within the inner third of the molecular layer, at lateral distances of >100 mm. Where indicated, spatially dispersed PF inputs were activated by placing a stimulus electrode in the granular layer near the PC layer, at lateral distances of >100 mm to avoid the activation of ascending axons that form synapses onto GCs and PCs under study. Current and voltage clamp recordings were carried out in the presence of picrotoxin (20 mM) or bicuculline (20 mM), respectively, to block GABA A -mediated synaptic transmission. The GABA B receptor antagonist CGP55845 (2 mM) was added in experiments employing brief trains of parallel fiber stimuli. For experiments examining DSI, GCs were recorded in sagittal slices using a voltage clamp internal solution containing (in mM) 70 CsMeSO 3 , 70 CsCl, 10 HEPES, 0.5 EGTA, 2 MgCl 2 , 0.16 CaCl 2 , 2 Mg-ATP, 0.4 NaGTP, and 14 Tris-Creatine phosphate, adjusted to 310 mOsm, and IPSCs were evoked at a holding potential of À70 mV, in the presence of NBQX and CPP to block AMPARs and NMDARs, respectively.
To characterize the role of PKC in specific forms of short-term plasticity slices were incubated in 10 mM of the PKC inhibitor GF 109203X for 1 hr. At this concentration we did not observe changes in pairedpulse plasticity ( Figures 8A and 8B) , suggesting that incubation with the drug did not lead to changes in initial release probability. We also performed measurements of the burst-evoked residual calcium signal (Ca res ) in PF terminals using fura-2 AM (Regehr, 2000) . In control conditions, Ca res decayed with a time constant t of 2.6 ± 0.2 s (n = 5), significantly faster compared to the decay of PTP (t = 11.3 s; Figure 4E cf. Brager et al., 2003) . Following incubation in GF 109203X for 1 hr Ca res was largely unchanged in time course (2.6 ± 0.2 s, n = 5) and relative magnitude (0.75 ± 0.08 in control, n = 5 vs. 0.65 ± 0.04 in GF 109203X, n = 5), suggesting that the drug does not interfere with Ca res . To directly test for acute effects of the drug, we recorded from PCs in control conditions and then bath-applied GF 109203X. At 10 mM the drug remained ineffective over the recording period ($30 min). When used at a higher concentration (20 mM) we were able to observe a reduction of the PTP magnitude (reduced from 1.84 ± 0.05 in control to 1.36 ± 0.06 following application, n = 5) within 30 min. However, at this concentration we also observed effects on both paired-pulse plasticity (increased from 2.05 ± 0.05 to 2.32 ± 0.14) and on initial EPSC amplitude (reduced by 22 ± 4%). Therefore, we based our analysis on experiments in which slices were incubated in 10 mM GF 109203X for 1 hr.
Calcium Imaging
For calcium measurements in GC dendrites, the Cs-based internal solution was supplemented with 500 mM Fura-FF. Fluorescence measurements were obtained at 380 nm and 356 nm excitation using a monochromator (Polychrome IV; TILL Photonics, Grä felfing, Germany). Fluorescence excitation was limited to a small dendritic region in the molecular layer, including a cell-free area near the dendrite used for background correction. The filter set used was 415 nm dichroic (TILL Photonics) and 515LP for emission (Omega Optical, Brattleboro, VT) . Images were acquired with 20 ms exposures at 50 Hz using a SensiCam CCD camera (PCO Computer Optics, Kelheim, Germany). Fura-FF fluorescence ratios were converted to calcium concentration as described previously (Brenowitz et al., 2006) , using a K D for calcium of 3.5 mM (35 C). R min of Fura-FF in the Cs-containing internal solution was measured at 35 C using a cuvette in the presence of 0 mM calcium and 4 mM EGTA. R max was determined directly in GCs by bath-applying the calcium ionophore ionomycin (20 mM), in ASCF containing 4 mM calcium.
Data Acquisition and Analysis
Recordings were digitized at 20 kHz with a 16-bit A/D converter (ITC-16, Instrutech Corp., Port Washington, NY). All analysis was performed using custom macros written in Igor Pro (Wavemetrics, Lake Oswego, OR). Averages are given as mean ± SEM.
